Abstract-Data on the birth weight-blood pressure relationship are inconsistent. Although an inverse association has been suggested in several large studies, interpretation is complicated by publication and other biases. Few data are available on the relationship between other early growth measures and blood pressure. We examined the shape and size of association between determinants of fetal growth, size at birth, growth in infancy, and adult systolic and diastolic blood pressure at 31 years in the prospective northern Finnish 1966 birth cohort of 5960 participants. Birth weight, birth length, gestational age, ponderal index, and birth weight relative to gestational age showed a significant inverse association with blood pressure at age 31. Rapid growth in infancy ("change-up") was positively associated with blood pressure. Adjusted regression coefficients for birth weight indicated systolic/diastolic blood pressure lower by Ϫ1.7 (95% confidence interval [CI], Ϫ2.5, Ϫ1.0)/Ϫ0.7 (95% CI, Ϫ1.4, Ϫ0.02) mm Hg for 1 kg higher birth weight. The significant inverse association between birth weight and systolic blood pressure persisted without adjustment for adult body mass index for males. Among females, gestational age showed a stronger association with blood pressure than birth weight: gestational age higher by 7 weeks (equivalent to an average of 1 kg higher birth weight) among singletons associated with Ϫ2.9 (95% CI, Ϫ4. 
B
arker et al 1, 2 first reported an inverse linear association between birth weight and systolic blood pressure (SBP), independent of current body weight. Although similar associations have been reported in children [3] [4] [5] [6] [7] [8] [9] and adults, 6,10 -16 weak, nonlinear, or nonsignificant correlations have also been published, [17] [18] [19] [20] [21] [22] and interpretation is complicated by publication and other biases. 22, 23 Most longitudinal studies on adults have been based on historic cohorts or on "follow-back" designs. 2, 10, 13, 24 These have a number of potential limitations including retrospective data collection and an incomplete consideration of confounding factors operating throughout the life course. Prospective studies from birth or early childhood, with few exceptions, 1 have followed up to relatively young ages 4, 6, 7, 9, 17, [25] [26] [27] ; to date, no study has reported prospective data from early pregnancy through to early thirties.
We report the association of adult SBP and diastolic BP (DBP) with determinants of fetal growth, 28 size at birth, and growth in infancy and examine whether these associations were modified by factors such as current body size or socioeconomic status (SES) in extensive prospective data from the fetal period until 31 years from the Northern Finland 1966 Birth Cohort (NFBC 1966) . The theoretical framework encompassed the life course model whereby biological and environmental factors since pregnancy are hypothesized to contribute to individual disease risk, with attention focused on possible pathways through which their effects might be mediated. 29 Our a priori hypothesis was that birth measures, in particular birth weight, are linearly and inversely associated with, and change-up infant growth realignment positively associated with, adult SBP/DBP, independent of maternal and other neonatal characteristics, lifestyle factors, and SES.
Helsinki area (nϭ8463 eligible). The analyses are based on 5960 (70.4% of eligible; 2858 males and 3102 females) genetically homogenous whites with signed informed consent. The University of Oulu ethics committee approved the study.
Baseline data (Table 1) were collected by questionnaire during the 24th to 28th gestational week. The course of pregnancy was prospectively recorded in maternity records and transferred by midwives onto study forms, as were data on birth (99% in hospitals) and the newborn at time of delivery. 30, 31 Growth data were collected at 1 year from child welfare centers (attendance 100%) and at 14 years by questionnaires (97% response).
BP Measurement at Age 31 Years
SBP and DBP were measured twice (averages used) with a mercury sphygmomanometer in a sitting position from the right arm after 15 minutes of rest by trained nurses using a standardized procedure and ongoing quality control. 32 
Early Growth Variables and Other Determinants
Birth weight (Ϯ5 g) and birth length (Ϯ1 cm) were measured immediately after birth. 30 Gestational age was defined by the mother's last menstrual period. Intrauterine growth pattern was assessed by: (1) percentiles computed for all singleton boys and girls (birth weight relative to gestational age [BW-GA]), where birth weight was defined as appropriate for gestational age if weight was between the 11th and 89th percentiles, large if it was 90th percentile or above, and small if it was 10th percentile or below 19 ; and (2) ponderal index (birth weight/length 3 ) as a measure of thinness/ nutrition status. For postnatal growth, participants were defined as "changers," up or down, or "nonchangers" on the basis of comparison of sex-adjusted and gestational age-adjusted SD scores (SDSs; calculated for entire cohort alive at birth/1 year) for weight at birth and 1 year. The change in weight SDS of Ͼ0.67 SD 33 (equivalent to 1 "centile band" on standard growth charts) was used to differentiate nonchangers from changers. In regression analyses, change in weight SDS was used as a continuous variable.
Early life variables considered as potential confounders/modifiers of the early growth-adult BP association are shown in Table 1 . Family SES at recruitment based on father's occupation (mother's if single) was classified I (high) to IV (low), and for farmers by farm size. 30 At 31, participant's own SES was based on occupation and employment data. Smoking at 31 was defined as Ն1 cigarette per day; alcohol consumption (continuous [grams per day] and categorized 34 ) was estimated from current consumption by frequency, type, and amount 35 (validated against 7-day food diaries 36 ); weight and height were measured and body mass index (BMI; weight/height 2 ) calculated.
Statistical Analyses and Missing Data
Unadjusted means of SBP/DBP at 31 years by early growth and other explanatory variables were compared by ANOVA. Linear and polynomial regression models were used to explore the shape of the association between early growth variables and BP. The effects of confounders/mediators of the birth size/early growth-BP association were examined by multiple regression; impact of adding each variable sequentially was evaluated before fitting the full models. Possible interactions between early growth measures and sex, BMI, and SES (for growth changers/nonchangers also with birth weight, BW-GA, ponderal index) were explored. 37 Participants with missing data were excluded from multivariate analyses. Our total study population (nϭ5960 attendees) and those with complete data in multivariate analyses (nϭ4793; 80% of attendees) were compared with the remaining cohort alive at 31 years. There were no substantive differences in gestational age or birth length, but there were fewer low birth weight children (Ͻ2500 g; 3% versus 3.8% in both comparisons) and more farmers' children among the attendees (21% versus 16%) and among those with complete data (20% versus 18%) than the remainder alive. Analyses were conducted for (1) the full cohort (twins included); (2) singletons; (3) males (all, singletons); and (4) females (all, singletons). Table 1 shows unadjusted mean SBP/DBP by early growth and maternal variables. Where there was significant (nominal P value Ͻ0.05) heterogeneity, SBP was highest among those with the lowest birth weight, birth length, and those born small for gestational age (males), as well as lowest gestational age and those with change-up growth (females).
Results

Early Growth and Maternal Variables and BP at 31 Years
A similar pattern was found for DBP, although associations were weaker. Twins had higher SBP/DBP than singletons. SBP was highest for children of farmers and for those with mothers in the highest prepregnancy weight tertile.
Participant Adolescent/Adult SES and Health Behavior and BP at 31 Years
Farmers (4% of the population) had the highest SBP but not DBP (data not shown in the tables). Males and females in the highest BMI tertile had the highest SBP and DBP (PϽ0.001) as had males drinking the most alcohol (Ն58 g per day; PϽ0.05; 3% of males). Smoking (46% males, 36% females) was associated with lower SBP/DBP (PϽ0.05). Height, weight, and SES at age 14 showed similar associations with BP as the 31-year measurements. Because of high correlations between anthropometry and SES at birth, 14, and 31 years (Pearson's correlation coefficient for BMI at 14 and 31 years 0.56; Spearman's correlation coefficient for SES at birth and 14 years 0.68; PϽ0.001 for both), 14-year data were not included in the final models.
Shape and Size of Association Between Early Growth and BP at 31 Years
Results of regression analyses of SBP/DBP for early growth measures among all participants/singletons are shown in the figure and Table 2 . For all participants, a significant inverse sex-adjusted linear association was found between birth weight and SBP (regression coefficient Ϫ1.2 [95% confidence interval {CI}, Ϫ1.9, Ϫ0.5] mm Hg for 1 kg higher birth weight). Adjustment for birth/maternal variables slightly strengthened the inverse association (Ϫ1.6 [Ϫ2.4, Ϫ0.8]), which remained essentially unchanged with the addition of adult variables. For DBP, coefficients ranged from Ϫ0.4 (Ϫ1.0, 0.2) in the sex-adjusted model to Ϫ0.7 (Ϫ1.4, Ϫ0.02) mm Hg for 1 kg higher birth weight in the fully adjusted model (Table 2 ). Excluding twins reduced the steepness of the regression slopes ( Figure) . Of the birth/ maternal factors, gestational age and prepregnancy BMI had the largest effect on the regression coefficients (data not shown).
In sex-specific analyses, an unadjusted inverse linear association was found between birth weight and SBP in all and singleton males and all females ( Table 2) . Adjustment for birth/maternal variables strengthened the association for males, which remained virtually unchanged after further adjustments (Ϫ2.2 [Ϫ3.3, Ϫ1.2]). In females, associations with birth weight after adjustment were statistically significant only when BMI was included. Regression coefficients were all inverse but nonsignificant for the birth weight-DBP association. Other birth variables showed a similar pattern with BP, especially SBP. In singleton males and females, fully adjusted coefficients (ϮBMI) with SBP were all inverse: significant among males but not females for birth length, BW-GA, and (with BMI) ponderal index. Although BW-GA was only weakly associated with SBP in females, the relationship in singleton females between gestational age and SBP was marked and stronger than between birth weight and BP. Seven weeks greater gestation equates to an average of 1 kg higher birth weight; for the gestational age-SBP association in singleton females, 7 weeks greater gestation was associated with approximately Ϫ2.9 (Ϫ4.7, Ϫ1.1, fully adjusted) mm Hg lower SBP, which was independent of birth weight (data not shown), whereas 1 kg higher birth weight corresponds to Ϫ1.2 (Ϫ2.3, Ϫ0.1) mm Hg lower SBP (Table 2) .
Change-up growth was significantly, positively associated with SBP in unadjusted and adjusted analyses (Ϸ0.6 [0.2 to 1.0] mm Hg per unit increase in weight SDS), except when BMI (31 years) was included, attenuating the association. There was no consistent pattern for DBP.
There were no statistically significant interactions between birth weight and sex, BMI (31 years), or SES (at birth) for SBP/DBP. Significant interactions were found between gestational age and sex and BMI for SBP (PϽ0.05). Regression coefficients for gestational age and SBP among all participants at lowest/highest tertiles of BMI (cut-offs 22.5, 25.7 kg/m 2 ) were Ϫ6.9 (Ϫ10.0, Ϫ3.9)/Ϫ1.3 (Ϫ4.6, 1.9) mm Hg for gestation longer by 10 weeks (similar pattern for males/ females). In females, interaction between ponderal index and BMI for SBP was significant (Pϭ0.009); the regression estimates at lowest/highest tertiles of BMI (cut-offs 21.8, 24.8 kg/m 2 ) were Ϫ2.7 (Ϫ6.0, 0.7)/Ϫ0.8 (Ϫ3.8, 2.2) per kg/m 3 . Change-up growth showed no interactions for SBP with these variables or other birth measures.
Discussion
This study is the first to analyze a comprehensive range of maternal, birth, and childhood measures in relation to adult BP from a large well-characterized general population-based cohort studied since early pregnancy. Our main findings were that (1) the association between birth weight and SBP was inverse-linear, particularly for males, with or without adjustment for current BMI; (2) the association for DBP was inverse but weaker than for SBP; (3) other birth variables (gestational age, birth length, ponderal index, BW-GA) showed a similar pattern with BP, although less consistent than birth weight; (4) among females, the inverse association between gestational age and BP was stronger than that for birth weight; (5) infant change-up growth associated positively with BP; and (6) association of some early life factors (gestational age, ponderal index) with BP seems to be stronger in leaner adults.
A meta-analysis by Huxley et al 22 of 82 studies with data on birth weight and BP concluded that "birth weight is of little relevance to BP levels in later life." Issues addressed included variable data quality with variation in regression estimates and other measures of association, variable adjustment for confounding, 22 and reporting bias; 22, 23 specifically, weaker associations were found in larger studies. 22 Most studies adjusted for current body weight or BMI. It is suggested that this produces artifactual inverse associations between birth weight and BP 22 because birth weight is positively associated with weight in later life, especially in childhood, 38 and current weight is positively associated with BP. 39 Also, current size may be on the causal pathway between early environment and adult disease risk. In our study, inverse associations with birth measures were found in most analyses with and without adjustment for BMI. However, BMI adjustment did remove the significant positive association between change-up growth and SBP.
The adjusted coefficient for SBP, with or without adjustment for BMI, was Ϸ3ϫ that reported from other large studies of similar size. 22 Possible reasons for the larger regression estimates in our study include its careful design and conduct, high population representation, accuracy of measurements, and the ability to examine/control for potential confounders/mediators including singleton/twin status. Many previous studies relied on recalled data from questionnaires, 14 with some important confounders rarely adjusted for. Our study showed, especially among males and in all participant analyses, that adjustment for maternal characteristics tended to increase the size of the inverse regression coefficients, whereas adult variables had little effect. Few studies have reported estimates adjusted for gestational age or parental SES, 22 despite their association with birth weight 28 and cardiovascular risk factors. 40 One particular strength of this study was that of contemporary measures, taken immediately after birth. Timing of birth weight measurement, as well as inaccuracy and rounding, may introduce a source of error. Errors in birth weight estimates would, because of "regression dilution" bias, 41 tend to underestimate the true strength of the association with health outcomes. As a result of standardized national maternity and child health care systems operating since the 1940s, staff were trained to record pregnancy and delivery events and take birth measurements, 42 improving accuracy. In our study, as in others, the birth weight-BP association was the most consistent among the early growth measures, possibly because birth weight is the most accurately measured; birth length requires the stretching technique, and gestational age is mostly based on mother's recall of the last menstrual period before pregnancy. In our study, last menstrual period was recorded at the beginning of pregnancy, decreasing the risk of recall bias.
There are some methodological points to consider. Clinical examination at 31 was restricted to those still living in the original study area or in the capital city area, which comprised the largest migrated group. Although this, together with nonresponse (30%), introduces possible bias, neither birth nor early sociodemographic data differed materially between those attending clinical examination or included in Association between SBP (mm Hg) at 31 years and birth weight (grams) for whole cohort including twins (solid line) and for singletons (dotted line). The 95% CIs for means are shown for the whole cohort. A, Adjusted for sex. B, Adjusted for sex, gestational age, family SES, parity, maternal height and weight before pregnancy, maternal age, and maternal smoking after second month of pregnancy. C, Adjusted also for SES, smoking, drinking, and BMI at age 31 years.
the final multivariate analyses and the remainder alive. Although our statistical power was high for all participant analyses, it was lower in some strata, especially twins. Although there were only 130 twins in our sample, inclusion of twin data allowed us to show their impact on the birth weight-BP relationship in a general population sample. In contrast to some previous studies, 43 twins had significantly higher adult BP than singletons and made an important contribution to higher adult SBP among low-birth weight children (Figure) .
We selected potential confounders/mediators of the birth weight/BP association based on their theoretical importance and were guided by the mechanisms possibly underlying the association. These include biological factors and environmental factors (such as SES, smoking, alcohol), which are known to be associated with fetal growth/outcome or may mediate the association between fetal factors and adult cardiovascular disease (CVD). It can be questioned whether maternal factors (such as height and weight) should be considered traditional confounders because they might indicate common genetic background on the "causal" pathway or perhaps indicate shared nutritional or metabolic environment. In practice, the birth measures were associated with later BP with or without adjustment for these factors, so whatever the mechanism, the associations are not fully "explained" by well-known determinants of birth weight or BP. Although our epidemiological study dating back to the 1960s does not permit broader inferences as to possible mechanisms, it does point to areas for further basic research.
We found evidence of interactions such that the inverse association between gestational age and SBP (and ponderal *Analyses include those with all data in the fully adjusted model: whole cohort nϭ4793; all males nϭ2338; all females nϭ2455; singleton males nϭ2287; singleton females nϭ2403.
†Adjusted for sex as appropriate, gestational age in analyses for birth weight, birth length, ponderal index, and change in weight SDS score between 0 and 1 years, and in all analyses for family social class, parity, maternal height and weight before pregnancy, maternal age, and smoking after second month of pregnancy.
‡Adjusted for †plus adult factors: social class, smoking, and drinking, with and without BMI. §All-participant analyses also adjusted for sex.
index and SBP for females) was larger among those in the lowest third of adult BMI than in the highest, suggesting etiologic factors for CVD could differ by body size. Animal and human studies suggest that nutritional and hormonal mechanisms may help explain associations between reduced fetal growth and later CVD risk factors. 27, 44 Low ponderal index is a marker of poorer fetal nutrition, as is partly shorter gestation. 28 In rodents, ␤-cell size and total pancreatic ␤-cell weight in progeny have been reported to be lower when dams were on a low-protein, nonoptimal diet. 44 This may result in impaired insulin-mediated growth in the fetus and insulin resistance in adult life, 45 with associated high BP but not necessarily obesity. Stern et al 46 suggested that in humans, the nongenetic environmental component may be more important for disease development in lower-birth weight individuals than in those with higher birth weights. Because high-birth weight individuals tend to have higher adult weight than those with average birth weight, 15, 38 there may be a genetic component 46 in the etiology of CVD risk with higher BMI, whereas poor fetal growth and nutrition may be relatively more important among thinner adults. However, it is not possible to rule out a genetic component that could also associate with poorer fetal growth and nutrient intake, and later risk of higher BP. Some studies 4, 8, 11, 12 exploring growth measures other than birth weight have shown varying associations with BP, more often inverse with SBP than with DBP as in our study. Our results indicate that not only markers of intrauterine growth restriction and its determinants but other factors related to the intrauterine environment such as determinants of preterm birth 31 and later growth patterns may be important in development of CVD risk. Positive growth realignment, changeup, includes children whose in utero growth does not follow their genetic growth potential because of restricted nutrient supply. [47] [48] [49] Our study did not fully support this because we did not observe any interaction of change-up growth in infancy with indicators of fetal growth (ie, the association between change-up growth and later BP was no more marked for participants with lower birth weight, ponderal index, or BW-GA). However, our results strengthen the argument that associations between a wide range of early growth measures and BP are etiologically important and that the mechanisms in disease development might differ for males and females, despite recent suggestions that sex differences in the association between birth weight and BP were a chance finding. 50
Perspectives
Our study, the largest to date with extensive pre/perinatal and early life data until 31 years, adds support to the concept that the fetal environment is an important determinant of future BP patterns and CVD risk. Investigations are needed to understand whether fetal programming of endocrine and metabolic pathways occurs in humans, as it does in laboratory animals. Such studies need to include genetic markers associated with prenatal growth and chronic disease risk and whether programming is modified or affected by infant and childhood growth patterns. This would offer insights into the effects of prenatal neuroendocrine and metabolic factors on the fetus and open avenues to explore possible interventions.
